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C-type lectin receptors (CLRs) play critical roles as
pattern-recognition receptors (PRRs) for sensing
Candida albicans infection, which can be life-threat-
ening for immunocompromised individuals. Here
we have shown that Dectin-3 (also called CLECSF8,
MCL, or Clec4d), a previously uncharacterized
CLR, recognized a-mannans on the surfaces of
C. albicans hyphae and induced NF-kB activation.
Mice with either blockade or genetically deleted
Dectin-3 were highly susceptible toC. albicans infec-
tion. Dectin-3 constantly formed heterodimers with
Dectin-2, a well-characterized CLR, for recognizing
C. albicans hyphae. Compared to their respective
homodimers, Dectin-3 and Dectin-2 heterodimers
bound a-mannansmore effectively, leading to potent
inflammatory responses against fungal infections.
Together, our study demonstrates that Dectin-3
forms a heterodimeric PRR with Dectin-2 for sensing
fungal infection and suggests that different CLRs
may form different hetero- and homodimers, which
provide different sensitivity and diversity for host
cells to detect various microbial infections.
INTRODUCTION
Candida albicans is a commensal fungus found in the normal
flora of the skin, mucosal surfaces, and gut in healthy individuals
(Gow et al., 2012; Iliev et al., 2012; Sudbery, 2011). However, in
immunocompromised individuals, C. albicans infects mucosal
and epidermal surfaces, causing mucocutaneous candidiasis,
or disseminates into the bloodstream, causing life-threatening
systemic candidiasis (Plantinga et al., 2012; Puel et al., 2011).
C. albicans can grow as yeast and hyphal forms, both of which
are crucial to fungal pathogenicity and host immune responses
initiated by pattern-recognition receptors (PRRs) on the surfaces
of innate immune cells (Gow et al., 2012; Hardison and Brown,
2012; Sudbery, 2011). C. albicans cell walls are composed324 Immunity 39, 324–334, August 22, 2013 ª2013 Elsevier Inc.mainly of multiple layers of carbohydrates, including mannans,
b-glucans, and chitins (Netea et al., 2008). Recognition of these
cell wall components by PRRs leads to activation of the host
innate immune system. In addition, PRR signaling in dendritic
cells renders them competent to prime T cells, thereby initiating
adaptive immunity (Reis e Sousa, 2004).
Several well-characterized receptors, including Toll-like
receptor 2 (TLR2) (Netea et al., 2002), TLR4 (Netea et al.,
2002), Dectin-1 (Taylor et al., 2007), Dectin-2 (Saijo et al.,
2010), mannose receptor (MR) (van de Veerdonk et al., 2009),
DC-SIGN (Cambi et al., 2003), SIGNR1 (Taylor et al., 2004),
Galectin-3 (Jouault et al., 2006), and Mincle (Wells et al., 2008),
can recognize C. albicans and might function as PRRs for
sensing infection. However, genetic studies have confirmed
only that Dectin-1 and Dectin-2, two C-type lectin receptor
(CLR) family members, function as PRRs for sensing either yeast
or hyphal forms of C. albicans, thereby facilitating induction of
proinflammatory responses (Saijo et al., 2010; Taylor et al.,
2007). Previous studies indicated that Dectin-1 and Dectin-2
recognize C. albicans yeast cells and hyphae by binding the sur-
face b-glucans and a-mannans of the two fungal forms, respec-
tively (Brown et al., 2002; Saijo et al., 2010; Sato et al., 2006;
Taylor et al., 2007). Stimulation of the two CLRs induces the
Syk-CARD9-dependent intracellular signaling pathway, thereby
facilitating activation of the NF-kB family of transcription factors
(Bi et al., 2010; Brown, 2006; Gantner et al., 2005; Robinson
et al., 2009; Saijo et al., 2010; Sato et al., 2006) and ultimately
inducing inflammatory cytokines in dendritic cells and macro-
phages, which further regulate T helper 17 (Th17) and Th1 cell
differentiation (LeibundGut-Landmann et al., 2007; Robinson
et al., 2009). Cytokines secreted from Th17 and Th1 cells further
activate neutrophils and macrophages, which mediate the killing
of the infecting fungi. Although Dectin-2-deficient bone-marrow-
derived dendritic cells are completely defective in a-mannan-
induced cytokine production, cytokine production induced by
C. albicans hyphae is only partially dependent on Dectin-2 (Saijo
et al., 2010), suggesting that there may be redundancy at this
receptor level.
Several myeloid-specific CLRs function as PRRs for sensing
microbial infections (Osorio and Reis e Sousa, 2011). However,
the functions of manymyeloid-specific CLRs remain to be deter-
mined (Osorio and Reis e Sousa, 2011; Robinson et al., 2006).
Figure 1. Human Dectin-3 Recognizes
a-Mannans on the Surfaces of C. albicans
Hyphae
(A)Nuclearp65 inRAW264.7cellsstablyexpressing
human Dectin-2, or its fusion proteins (as shown in
Figure S1A), or a control vector (mock) stimulated
with C. albicans hyphae (MOI = 1) for 1 hr.
(B and C) Nuclear p65 (B) and protein
phosphorylation (C) in RAW264.7 cells expressing
human Dectin-2, Dectin-3, the chimera of Dectin-
2 and Dectin-3 (D2-Dectin3), or mock stimulated
with hyphae (MOI = 1) for indicated time.
(D) Nuclear p65 in RAW264.7 cells stably express-
ing humanDectin-2, Dectin-3, ormock,whichwere
pretreated with or without piceatannol for 30 min
before stimulation with hyphae (MOI = 1) for 1 hr.
(E) Nuclear p65 in RAW264.7 cells stably express-
inghumanDectin-2,Dectin-3, ormock,whichwere
stimulated with hyphae at different MOIs for 1 hr.
(F) Nuclear p65 in RAW264.7 cells stably
expressing human Dectin-2, Dectin-3, or mock
stimulated with precoated a-mannans (40 mg/ml)
for 1 hr. Nuclear extracts were analyzed by
immunoblotting with antibodies against p65 or
PCNA (internal control). Total cell lysates were
analyzed by immunoblotting with antibodies
against total or phosphorylated (p) IkBa and ERK
or b-actin. Expression of Flag-tagged Dectin-2,
Dectin-3, and D2-D3 chimeras in transfected
RAW264.7 cells was analyzed by immunoblotting
with anti-Flag antibody.
Immunity
Dectin-3 Is a Key PRR for Sensing Fungal InfectionThe Dectin-2 family of CLRs (Bi et al., 2010; Gorjestani et al.,
2011) encoded by the natural killer (NK)-gene cluster is
composed of Dectin-2, Dectin-3 (originally named murine
macrophage C-type lectin, MCL, and also classified as
CLECSF8 or Clec4d [Arce et al., 2004; Balch et al., 1998]),
BDCA-2 (blood dendritic cell antigen 2), Mincle, and DCIR (den-
dritic cell immunoreceptor) (Graham and Brown, 2009; Kana-
zawa et al., 2004; Kingeter and Lin, 2012; Marshall and Gordon,
2004). These CLRs are type II transmembrane receptors and
share a common structure consisting of a single extracellular
C-type lectin-like domain, a stalk region of varying length, and
a transmembrane region (Graham and Brown, 2009). Except
for DCIR, which contains an immunoreceptor tyrosine-based
inhibitory motif, all the other receptors have short cytoplasmic
tails that lack signaling motifs. Dectin-2, Mincle, DCAR, and
BDCA-2 have been shown to associate with an Fc receptor g
(FcRg) chain, an adaptor containing an immunoreceptor tyro-
sine-based activation motif (Graham and Brown, 2009; Kana-
zawa et al., 2004; Sato et al., 2006). Dectin-3, which has a short
cytoplasmic tail without any signaling motif and is presumably
associated with other signaling adaptors, is the least character-
ized member of this family (Graham and Brown, 2009).
Dectin-3 was first identified by differential display and shown
to have high transcript amounts in peritoneal macrophages,
bone marrow, and the spleen and lower amounts in lungs and
lymph nodes (Balch et al., 1998). Although Dectin-3 has been
shown to be capable of mediating endocytosis (Arce et al.,
2004), the function of this receptor remains unknown. In this
study, we have demonstrated that Dectin-3 functions as a PRR
specifically recognizing C. albicans hyphae. Both Dectin-3-defi-
cient mice and wild-type (WT) mice receiving Dectin-3-blockingantibodies were highly susceptible to C. albicans infection.
Furthermore, our data indicate that Dectin-3 forms a heterodi-
meric complex with Dectin-2, which confers innate immune cells
the high ability of sensing C. albicans infection, thereby facili-
tating activation of NF-kB-dependent inflammatory responses.
RESULTS
Dectin-3 Functions as a PRR Recognizing a-Mannans on
the Surfaces of C. albicans Hyphae
Emerging evidence suggests that besides Dectin-1 and Dectin-
2, several CLRs may contribute to the recognition of C. albicans
(Bugarcic et al., 2008; Cambi et al., 2003; Taylor et al., 2004; van
de Veerdonk et al., 2009; Wells et al., 2008). To determine
whether other Dectin-2 family members function as PRRs for
sensingC. albicans infection, we constructed chimeric receptors
containing the extracellular domains of Dectin-3, BDCA-2,
Mincle, and DCIR (which are members of the human Dectin-2
gene cluster (Graham and Brown, 2009; Kanazawa et al., 2004;
Kingeter and Lin, 2012) fused to the intracellular and transmem-
brane domains of Dectin-2. We then expressed these chimeric
receptors in RAW264.7 cells to determine which chimeric recep-
tor could specifically recognize C. albicans hyphae and induce
NF-kB activation (see Figure S1A available online). We found
that Dectin-2-Dectin-3 chimera (D2-Dectin-3)-transduced cells,
like Dectin-2-transduced cells, were able to induce nuclear
translocation of NF-kB (p65 subunit) following hyphae stimula-
tion (Figure 1A). Consistently, stimulation of D2-Dectin-3 cells
with hyphae also triggered Syk phosphorylation and IkBa degra-
dation (Figure S1B). These results indicate that the extracellular
domain of Dectin-3 also recognizes C. albicans hyphae.Immunity 39, 324–334, August 22, 2013 ª2013 Elsevier Inc. 325
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Dectin-3 Is a Key PRR for Sensing Fungal InfectionLike Dectin-2, stimulation of WT Dectin-3 expressed in
RAW264.7 cells with C. albicans hyphae effectively activated
p65 nuclear translocation (Figure 1B), Syk phosphorylation,
and IkBa degradation (Figure 1C). Treatment of these cells
with the Syk kinase inhibitor piceatannol completely blocked
p65 nuclear translocation (Figure 1D), indicating that stimulation
of Dectin-3 induces Syk-dependent activation of NF-kB. Dectin-
3 and Dectin-2 similarly responded to the stimulation of different
amounts ofC. albicans hyphae (Figure 1E; Figure S1C), suggest-
ing that Dectin-3, like Dectin-2, can function as a PRR recog-
nizing C. albicans hyphae.
To further determine whether Dectin-3 recognizes surface
components of C. albicans hyphae, we purified bacterial-
expressed proteins of recombinant extracellular domains of
Dectin-3 and Dectin-2. Like Dectin-2, we found that recombinant
Dectin-3 could effectively bind to C. albicans hyphae-coated
plates (Figure S1D), Because Dectin-2 can recognize a-mannans
on the surface of C. albicans hyphae, we hypothesized that
Dectin-3 could also function as a PRR to recognize a-mannans.
Indeed, we found that Dectin-3 could also effectively bind to
a-mannans (Figure S1D). Similarly, stimulation of RAW264.7
cells expressing either Dectin-3 or Dectin-2 by the plate-bound
a-mannans effectively led to the nuclear translocation of
NF-kB p65 (Figure 1F), indicating that a-mannans are ligands
for both Dectin-2 and Dectin-3. Together, these data suggest
that Dectin-3, like Dectin-2, can function as a PRR recognizing
a-mannans on the surface of C. albicans hyphae.
Dectin-3 Is Required for Sensing C. albicans Infections
Both In Vitro and In Vivo
To further characterize the role of Dectin-3, we generated mono-
clonal antibodies against the extracellular domains of human
Dectin-2 or Dectin-3 (Figure S2A), which could specifically recog-
nize Dectin-2 or Dectin-3 (Figures S2B–S2E), but not other CLRs
(Figures S2D and S2E). To determine whether Dectin-3 plays a
critical role in host defense against C. albicans infection, we
examined NF-kB activation in primary macrophages following a
challenge withC. albicans hyphae. Mouse bone-marrow-derived
macrophages (BMDMs) were pretreated with the Dectin-3 or
Dectin-2 antibodies, and as negative controls, BMDMs were
also pretreated with or without mouse immunoglobulin G (IgG)
for 30 min. The resulted cells were stimulated with C. albicans
hyphae. We found that pretreatment of BMDMs with either
Dectin-3 or Dectin-2 antibodies, but not control IgG, blocked
hyphae-induced nuclear translocation of NF-kB (p65 subunit)
(Figure2A)and IkBaphosphorylationanddegradation (Figure2B).
Hyphae-induced production of cytokines, including tumor necro-
sis factor-a (TNF-a), interleukin 6 (IL-6), and IL-10, was impaired
by the treatment with Dectin-3 or Dectin-2 antibodies, but not
control IgG (Figure S2F). Blocking either Dectin-3 or Dectin-2
did not inhibitC. albicans-inducedERK (extracellular signal-regu-
lated kinase) activation (Figure 2B), suggesting that ERK can be
activated through other receptors. Together, these data indicate
that Dectin-3, like Dectin-2, plays a crucial role in mediating
NF-kB-mediated inflammatory responses toC.albicans infection.
We next investigated the roles of Dectin-3 in host defense
against systemic C. albicans infection by injecting groups of
mice with either Dectin-3 or Dectin-2 antibodies or with an iso-
type-matched control IgG 6 hr before and 2, 4, and 6 days after326 Immunity 39, 324–334, August 22, 2013 ª2013 Elsevier Inc.intravenous injection with a sublethal dose (6 3 104) of
C. albicans cells. The blocking of Dectin-3 or Dectin-2 by their
respective antibodies significantly accelerated the death of
mice infected with C. albicans (p < 0.01) (Figure 2C). When these
mice were infected with a higher dose (3 3 105) of C. albicans
cells intravenously, we found that although mice injected with
isotype-matched IgG also died within 3 weeks, mice injected
with antibodies blocking either Dectin-3 or Dectin-2 were more
susceptible toC. albicans infection (Figure S2G). To assess intra-
vital fungal growth and pathological changes in infected organs,
some of the mice were sacrificed at day 2 after infection.
Compared with mice receiving control antibodies or a sham
control, mice receiving Dectin-3 or Dectin-2 antibodies or both
exhibited significantly higher fungal burdens in the kidneys
(p < 0.05) (Figure 2D). Periodic acid-Schiff staining also revealed
many hyphae in the kidneys of mice receiving blocking anti-
bodies but hardly any fungi in mice receiving control IgG or
a sham control (Figure 2E). Histological analysis with hema-
toxylin-eosin staining also showed that kidney damage was
aggravated in mice receiving Dectin-3- or Dectin-2-blocking
antibodies (Figure 2E). Blocking Dectin-3, Dectin-2, or both
also caused an impaired TNF-a expression (Figure 2F) and a
significant reduction in IL-6 production (Figure 2G). Together,
these data indicate that Dectin-3, like Dectin-2, plays a critical
role in antifungal host defenses.
Dectin-3-Deficient Mice Are Highly Susceptible
to C. albicans Infection
Themouse homolog of Dectin-3 is also known as Clec4d or MCL
(Balch et al., 1998). To provide genetic evidence that Dectin-3
plays a critical role in sensing fungal infection, we bredClec4d+/
mice to homozygosity (data not shown). In the absence of a
microbial challenge, Dectin-3-deficient (Clec4d/) mice do not
display any observed phenotype (Graham et al., 2012). To deter-
mine the role of Dectin-3 in response to fungal infection, we
intravenously infected Clec4d+/+ (WT), Clec4d/, or Clec4d+/
(Het) mice with a low dose (23 104) ofC. albicans andmonitored
survival rates for about 4 weeks (Figure 3A). About 60% of
Clec4d/ mice died during the first 2 weeks, whereas all WT
and Het mice survived (p < 0.01, Figure 3A). However, when
infected with a higher dose of C. albicans (1 3 105), the survival
rate of WT and Clec4d/ mice had only a slight difference (Fig-
ure S3B), suggesting that Dectin-3 is involved in sensing a low
dose of C. albicans infection. Clec4d/mice, which were sacri-
ficed on day 2 after infection with different doses of C. albicans,
exhibited higher fungal burdens in their kidneys than WT mice
did (Figure 3B; Figures S3B and S3C). Of note, although we
could detect the significant reductions of proinflammatory cyto-
kine and chemokine production including TNF-a, IL-6, IL-17A,
IL-1b, G-CSF, CXCL-1(KC), and CXCL-2 (MIP-2) in the kidneys
of Clec4d/ mice than those in WT mice (Figures 3C–3I), the
amount of proinflammatory cytokines and chemokines, except
TNF-a and IL-6, was not significantly decreased in sera of
Clec4d/ mice (Figures S3D–S3K).
To further confirm the role of Dectin-3 in antifungal innate
immunity, we generated BMDMs from WT or Dectin-3-deficient
mice. Dectin-3-deficient BMDMs were differentiated normally
and expressed comparable amounts of surface markers as WT
BMDMs (Figure S4A) and diminished surface Dectin-3 (Figures
Figure 2. Both Dectin-3 and Dectin-2 Are
Required for Sensing C. albicans Infections
(A and B) Nuclear p65 (A) and protein phosphor-
ylation (B) in murine BMDMs, which were pre-
treated with or without anti-Dectin-3 monoclonal
antibody (a-D3), a-D2, or an isotype-matched
control IgG (NS-Ig) for 30 min before stimulation
with C. albicans hyphae (MOI = 0.1) for different
times. (A) Nuclear extracts were prepared follow-
ing hyphae challenge for 1 hr and then analyzed by
immunoblotting with the indicated antibodies. (B)
Cells were lysated following hyphae challenge
for indicated time and then were analyzed by
immunoblotting with the indicated antibodies.
(C) Mouse survival curves after intravenous infec-
tion with 6 3 104 colony-forming unit (CFU) of
C. albicans (SC5314). Infected mice (n = 10 for
each group) were treated with 200 mg of a-D3,
a-D2, mixture of a-D3 and a-D2, or NS-Ig per
mouse 6 hr before and at day 2, 4, and 6 after in-
jection of C. albicans.
(D) CFU assay of mouse paired kidneys and (E)
kidney histopathology was analyzed with hema-
toxylin and eosin (H&E) and periodic acid-Schiff
(PAS) staining at day 2 after intravenous infection
with 3 3 105 CFU of C. albicans.
(F and G) ELISA results for sera TNF-a and IL-6 in
mouse at day 2 after intravenous infection with 33
105 CFU of C. albicans. Data shown are repre-
sentative of three independent experiments. SD
are indicated. *p < 0.05; **p < 0.01 (t test).
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Dectin-3 Is a Key PRR for Sensing Fungal InfectionS4B and S4C). Dectin-3 deficiency did not affect the expression
of Dectin-1 and Dectin-2 (Figure 4A). The resulted BMDMs were
stimulated with C. albicans hyphae. We found that the nuclear
translocation of p65 was defective in Dectin-3-deficient BMDMs
following stimulation byC. albicans hyphae (Figure 4B), although
the activation of ERK and p38 kinases in Clec4d/ BMEMs was
comparable to those in WT BMDMs (Figure 4C), indicating that
ERK and p38 can be activated by other receptors on BMDMs.
Consistently, the expression of proinflammatory cytokines
including TNF-a, IL-6, and IL-12 in Dectin-3-deficient BMDMs
was significantly reduced in comparison to those in WT cells
(Figures 4D–4F), although the induction of IL-10 expression in
Dectin-3-deficient cells was only slightly affected. Together,
these results provide the genetic evidence that Dectin-3 is a
critical PRR for sensing fungal infection.
Dectin-3 and Dectin-2 Synergistically Sense Fungal
Infection
Because both Dectin-2 and Dectin-3 are critical for sensing
C. albicans infection, we speculated that Dectin-3 and Dectin-2Immunity 39, 324–334might function synergistically. To test
this hypothesis, we coexpressed Dec-
tin-2 and Dectin-3 in RAW264.7 cells
and then challenged the cells with a low
dose of C. albicans hyphae (MOI = 0.1).
In agreement with our hypothesis, coex-
pression of Dectin-2 and Dectin-3 recep-
tors enhanced hyphae-induced NF-kB
(p65) nuclear translocation over that withexpression of either receptor alone (Figure 5A). This enhanced
response was almost completely blocked by pretreating cells
with antibodies to either Dectin-3 or Dectin-2 (Figure 5B). To
determine whether this synergistic effect was specific to Dec-
tin-2 and Dectin-3, we coexpressed Dectin-3 (Figure S5A) or
Dectin-2 (Figure S5B) with other Dectin-2 family members of
CLRs.Noneof these combinations had a synergistic effect on hy-
phae-induced p65 nuclear translocation (Figures S5A and S5B).
To determine whether the stronger NF-kB activation in cells
coexpressing Dectin-2 and Dectin-3 was due to the synergistic
effect of the extracellular or intracellular domains of these two
receptors in response to hyphae stimulation, we coexpressed
Dectin-2 or Dectin-3 together with the Dectin-2 and Dectin-3
chimeric protein (D2-D3) in RAW264.7 cells (Figure 5C). Only
coexpression of Dectin-2 and D2-D3, in which the two receptors
contain the same intracellular domain from Dectin-2 but extra-
cellular domains from Dectin-2 and Dectin-3, synergistically
activated p65 nuclear localization (Figure 5C) and IkBa phos-
phorylation and degradation (Figure 5D), as was found with
coexpression of Dectin-2 and Dectin-3. This result indicates, August 22, 2013 ª2013 Elsevier Inc. 327
Figure 3. Dectin-3-Deficient Mice Are
Highly Susceptible to C. albicans Infection
(A) Survival of WT, Clec4d+/ (Het), and Clec4d/
mice (n = 8 for each group) infected intravenously
with 2 3 104 CFU of C. albicans (SC5314).
(B) CFU assay of paired kidneys of WT and Dectin-
3-deficient mice infected intravenously with 2 3
105 CFU of C. albicans (SC5314) at day 2 after
infection.
(C–H) Amounts of cytokines and chemokines
including TNF-a (C), IL-6 (D), IL-17A (R), IL-1b (F),
G-CSF (G), KC (H), MIP-2 (I), and IL-10 (J) in kid-
neys of infectedWT andDectin-3-deficient mice at
day 2 with 2 3 105 CFU of C. albicans (SC5314).
The amount of cytokines and chemokines in the
extracts of homogenized kidneys was measured
with the MILLIPLEX Mouse Cytokine and Che-
mokine Magnetic Bead Panel. Data shown are
representative of three independent experiments.
*p < 0.05; **p < 0.01 (t test).
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Dectin-3 Is a Key PRR for Sensing Fungal Infectionthat the synergistic effect of these two receptors is due to their
extracellular domains synergistically sensing surface compo-
nents on C. albicans hyphae.
Dectin-3 and Dectin-2 Form Heterodimeric Complexes
To determine whether Dectin-2 and Dectin-3 are not only func-
tionally but also physically linked, we examined the surface
expressions of Dectin-2 and Dectin-3 on innate cells under either
endocytosis or nonendocytosis conditions as reported previ-
ously (Arce et al., 2004; Robinson et al., 2009). Both Dectin-2
and Dectin-3 appeared on the cell surface when expressed in
either RAW264.7 cells or BMDMs under nonendocytosis condi-
tions at 4C (Figures S6A–S6D). Treatment of these cells with
antibodies against either Dectin-3 or Dectin-2, but not isotype-
matched control IgG, at 37C induced a decrease of surface
Dectin-3 or Dectin-2 (Figures S6A–S6D), indicating that these
antibodies can induce endocytosis of their respective receptors.
When RAW264.7 cells expressing both Dectin-3 and Dectin-2
were pretreated with anti-Dectin-3 antibodies at 37C, surface
Dectin-2 was also downregulated (Figure 6A, green line).
Conversely, pretreatment of these cells with anti-Dectin-2 anti-
bodies also induced downregulation of surface Dectin-3 (Fig-
ure 6B, green line). These results suggested that Dectin-2 and
Dectin-3 may form a heterodimeric complex on the cell surface,
and antibody-induced endocytosis of one receptor also induces
coendocytosis of its counterpart. The heterodimerization of
Dectin-2 and Dectin-3 could explain the above results that either
Dectin-2 or Dectin-3 antibodies could effectively block hyphae-
induced signaling in BMDMs (Figures 2A and 2B) and NF-kB
activation mediated by coexpression of Dectin-2 and Dectin-3
(Figure 5B).328 Immunity 39, 324–334, August 22, 2013 ª2013 Elsevier Inc.To further confirm this hypothesis,
we pretreated WT or Dectin-3-deficient
BMDMs with or without Dectin-3 anti-
bodies and then examined the surface
appearance of Dectin-2 (Figures 6C and
6D). Under nonendocytosis conditions,
surface expression of Dectin-2 was com-parable in WT and Clec4d/ cells (Figures 6C and 6D, blue line;
Figure S6E), whereas Dectin-3 only appeared on the cell surface
of WT, but not Clec4d/ cells (Figures S4B and S4C). Consis-
tent with our hypothesis, the surface Dectin-2 was reduced in
WT cells following the treatment of Dectin-3 antibodies (Fig-
ure 6C), but that was not affected in Clec4d/ cells (Figure 6D)
under the same endocytosis condition. These results indicate
that Dectin-2 and Dectin-3 are physically linked on the cell
surface.
To examine whether Dectin-3 and Dectin-2 form hetero-
dimers, we stimulated RAW264.7 cells stably expressing
Dectin-2, Dectin-3, or both with or without C. albicans hyphae
and then immunoprecipitated Dectin-2. Dectin-2 and Dectin-3
were constitutively coimmunoprecipitated when they were
coexpressed in RAW264.7 cells, although the hyphae stimula-
tion did not enhance the formation of Dectin-3 and Dectin-2
heterodimers (Figure 6E). To further confirm that Dectin-3 and
Dectin-2 form a heterodimeric complex under more physiolog-
ical conditions, we stimulated BMDMs with or without hyphae
and then immunoprecipitated endogenous Dectin-3 or Dectin-2
with their respective antibodies and found that endogenous
Dectin-2 and Dectin-3 were constitutively coimmunoprecipi-
tated from BMDMs (Figure 6F), and the hyphae challenge did
not affect this coimmunoprecipitation (Figure 6F). These results
indicate that Dectin-2 and Dectin-3 constitutively form a hetero-
dimeric complex in macrophages. Of note, all of the Dectin-2
proteins appeared to coimmunoprecipitate with Dectin-3,
whereas a portion of Dectin-3 was not associated with the
Dectin-2 complex (Figure 6F), suggesting that the excess
amount of Dectin-3 may either form homodimeric complexes
or associate with other CLRs.
Figure 4. Dectin-3 Is Required for
C. albicans Hyphae-Induced NF-kB Activa-
tion and Inflammatory Responses
(A) Protein expression of Dectin-1, Dectin-2, and
Dectin-3 in BMDMs fromWT and Clec4d/mice.
Cell lysates of murine BMDMs from WT and
Clec4d/mice were analyzed by immunoblotting
with the indicated antibodies.
(B and C) BMDMs from WT and Clec4d/ mice
were stimulated with C. albicans hyphae (MOI =
0.1) for indicated time. Nuclear extracts (B) and
cell lysates (C) were analyzed by immunoblotting
with the indicated antibodies.
(D–G) ELISA results for TNF-a (D), IL-6 (E), IL-
12p40 (F), and IL-10 (G) in supernatants of BMDMs
derived from WT or Clec4d/ mice, which were
stimulated with C. albicans hyphae (MOI = 0.1) for
6 or 12 hr. Data shown are representative of three
independent experiments. SD are indicated. *p <
0.05; **p < 0.01 (t test).
Immunity
Dectin-3 Is a Key PRR for Sensing Fungal InfectionHeterodimerization of Dectin-3 and Dectin-2 Confers a
Higher Sensitivity for Detecting Fungal Infection
To determine whether Dectin-3 and Dectin-2 can form both
heterodimers and homodimers, we performed a bimolecular
fluorescence complementation (BiFC) assay (Hu et al., 2002;
Kerppola, 2009) with Dectin-3 and Dectin-2 fused to the N-termi-
nal half of yellow fluorescent protein (YFPN) or the C-terminal half
(YFPC). The physical association of Dectin-2 and Dectin-3 with
each other or themselves would bring YFPN and YFPC together
and restore a functional YFP, which emits fluorescence.
We found that the combination of YFPN–Dectin-2 with YFPC–
Dectin-3 or the combination of YFPN–Dectin-3 with YFPC–
Dectin-2 formed a complex on the cell surface and emitted
fluorescence (Figure 7A), suggesting that Dectin-3 and Dectin-2
can constitutively form heterodimers on the cell surface. In addi-
tion, expression of either the combination of YFPN–Dectin-2 with
YFPC–Dectin-2 or the combination of YFPN–Dectin-3 with YFPC–
Dectin-3 emitted fluorescence (Figure 7A), suggesting that both
Dectin-3 and Dectin-2 can also form homodimers on the cell
surface. The formation of Dectin-2 and Dectin-3 homo- and
heterodimerization was specific, because the combination of
Dectin-3 or Dectin-2 with another CLR, Dectin-1, did not form
a complex and emitted fluorescence (Figure S7A), although
YFP-Dectin-1 fusion proteins could form a homodimeric
complex (Figure S7A). Of note, these YFP-Dectin-2 and YFP-
Dectin-3 fusion proteins were expressed on the cell surface
(Figure S7B), indicating that Dectin-2 and Dectin-3 form a
dimeric complex on the cell surface.
To quantitate the preference of the formation of heterodimers
and homodimers, we performed flow cytometry analysis and
found that homodimer-expressingcells emitted less fluorescence
than heterodimer-expressing cells did (Figure 7A), although the
expression amounts were comparable (data not shown). To
determine whether Dectin-2 and Dectin-3 preferentially form het-
erodimers, we coexpressed either Flag-tagged Dectin-2 with
YFPN–Dectin-3 and YFPC–Dectin-3 or Flag-tagged Dectin-3
with YFPN–Dectin-2 and YFPC–Dectin-2. Expression of Dectin-2
or Dectin-3 reduced the amounts of Dectin-3 andDectin-2 homo-dimers, respectively (Figure 7A), suggesting that Dectin-2 and
Dectin-3 heterodimers are the predominant form inside cells.
To determine whether heterodimerization of Dectin-3 and
Dectin-2 confers higher sensitivity on host immune cells for
detecting fungal infection than their respective homodimers,
we stimulated RAW264.7 cells stably expressing Dectin-2, Dec-
tin-3, or both with C. albicans hyphae at different MOIs, and then
examined the hyphae-induced p65 nuclear translocation. Heter-
odimers of Dectin-2 and Dectin-3 induced more p65 nuclear
translocation than their respective homodimers following
hyphae challenge at low MOIs (Figures S7C and S7D). Consis-
tently, stimulation of the heterodimer-expressing cells at low
MOI induced higher amounts of TNF-a expression than those
of homodimer-expressing cells (Figure 7B). Similarly, cells
expressing both Dectin-2 and Dectin-3 responded to the stimu-
lation at a lower concentration of plate-bound a-mannans than
those cells expressing either Dectin-2 or Dectin-3 (Figure 7C).
Together, these results suggest that Dectin-2 and Dectin-3
preferentially form heterodimers on the cell surface, which con-
fers a higher sensitivity for detecting fungal infection.
To directly determine whether Dectin-2 and Dectin-3 hetero-
dimers have a higher affinity for binding to a-mannans than
their respective homodimers, we expressed the recombinant
extracellular domain of Dectin-1, Dectin-2, and Dectin-3. The
extracellular domain of Dectin-2 and Dectin-3 could be coim-
munoprecipitated, when they were mixed together under a
renatured condition (D2-D3 dimer) (Figure 7D), suggesting that
they form heterodimers. We then examined the binding of these
recombinant proteins to plate-bound a-mannans. Although the
extracellular domain of Dectin-2 and Dectin-3 alone could bind
to the plate-bound a-mannans with a similar affinity (Figure 7E),
the heterodimeric complex containing extracellular domains of
Dectin-2 and Dectin-3 bound to the plate-bound a-mannans
better than the individual extracellular domain of Dectin-2 or
Dectin-3 (Figure 7E). Together, these results suggest that
Dectin-2 and Dectin-3 form heterodimers that have a higher
affinity than their respective homodimers, and effectively
respond to fungal infection.Immunity 39, 324–334, August 22, 2013 ª2013 Elsevier Inc. 329
Figure 5. Dectin-3 and Dectin-2 Synergisti-
cally Sense Fungal Infection
(A) Nuclear p65 in RAW264.7 cells stably ex-
pressing human Dectin-2 or Dectin-3, a combi-
nation of these two (D2+D3), or a control vector
(Mock) after stimulation with C. albicans hyphae
(MOI = 0.1) for indicated time.
(B) Nuclear p65 in RAW264.7 cells stably ex-
pressing human Dectin-2, Dectin-3, or both
(D2+D3), which were pretreated with a-D2 or a-D3
antibody or NS-Ig for 30 min before stimulation
with hyphae for 1 hr.
(C andD) Nuclear p65 and protein phosphorylation
in RAW264.7 cells stably expressing combination
of Dectin-2 and Dectin-3 (D2+D3), combination of
Dectin-2 and the chimera of Dectin-2 and Dectin-3
(D2-D3), combination of Dectin-3 and D2-D3, or
Mock, which were stimulated with hyphae for 1 hr
for nuclear extracts (C) or for indicated time for cell
lysates (D). Of note, only half-quantity of Dectin-2
and Dectin-3 in the combination groups were
expressed compared with the amount of Dectin-2
or Dectin-3 alone.
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Dectin-3 Is a Key PRR for Sensing Fungal InfectionDISCUSSION
Emerging evidence suggests that several CLRs orchestrate anti-
fungal immune responses (Hardison andBrown, 2012). Dectin-2,
one of the well-characterized CLRs, has been shown to play a
critical role in host defense against fungal infection by recog-
nizing surface mannose-rich structures of C. albicans hyphae
and inducing NF-kB-mediated inflammatory responses through
Syk signaling. In this study, we have shown that Dectin-3,
similarly to Dectin-2, recognizes a-mannans on the surface of
C. albicans hyphae and induces Syk-mediated activation of
NF-kB. Our results indicate that Dectin-3 and Dectin-2 constitu-
tively form heterodimers that confer the high sensitivity for host
cells to sense fungal infection and blocking either Dectin-3 or
Dectin-2 with antibodies efficiently inhibited NF-kB-mediated
inflammatory responses to stimulation by C. albicans hyphae.
Consistent with the role of Dectin-3 and Dectin-2 heterodimers
in antifungal immunity, mice with genetically deleted Dectin-3
or mice receiving Dectin-3-blocking antibodies were highly sus-
ceptible to systemic candidiasis. Together, our results indicate
that Dectin-3 and Dectin-2, two CLRs, form a heterodimeric
PRR for sensing fungal infection.
It has been shown that the specificity of Toll-like receptors
and EGF (epidermal growth factor) receptor family members
for ligands can be determined by different forms of homo- or het-
erodimers (Kang et al., 2009; Triantafilou et al., 2006; Yarden and
Sliwkowski, 2001). Our findings that Dectin-3 and Dectin-2 form
a heterodimeric receptor suggest that different CLRs may also
form a wide variety of homo- and heterodimers, which may
facilitate the diversity for host innate immune system to detect
various microbial infections. Consistently, our data indicate
that heterodimers of Dectin-2 and Dectin-3 have a higher affinity
than their respective homodimers for binding to a-mannans, a
major component on the surface ofC. albicans hyphae. Although
all of endogenous Dectin-2 proteins appeared to be in the
complex with Dectin-3, some of endogenous Dectin-3 proteins
are free from the association with Dectin-2, suggesting that the330 Immunity 39, 324–334, August 22, 2013 ª2013 Elsevier Inc.excess amount of Dectin-3 may either form homodimeric com-
plexes or associate with other CLRs for sensing different micro-
bial infections. A recent study showed that Dectin-3 (also named
MCL) can recognize trehalose-6,6’-dimycolate (TDM), the most
abundant lipid extracted from Mycobacterium tuberculosis,
and Dectin-3 was crucial for inducing another CLR Mincle
expression upon TDM stimulation (Miyake et al., 2013). Although
the coexpression of Mincle and Dectin-3 did not show a
synergistic effect in their study (Miyake et al., 2013), the possi-
bility of heterodimerization of Mincle and Dectin-3 cannot be
excluded.
Dectin-2 has been reported to recognize a-mannans derived
from C. albicans (Saijo et al., 2010). Although the structural
element required for a-mannans to bind to Dectin-2 remains to
be identified, we found that both Dectin-2 and Dectin-3 could
be activated by the immobilized a-mannans leading to NF-kB
activation, indicating that a-mannan is the ligand for both Dec-
tin-2 and Dectin-3. Although the extracellular domain of either
Dectin-2 or Dectin-3 can bind a-mannans, the heterodimers of
Dectin-2 and Dectin-3 confer a higher affinity for binding to
a-mannans. It remains to be determined why the heterodimer
of Dectin-2 and Dectin-3 has a higher affinity for its ligand than
their respective homodimers, which will require a determination
of the structure of Dectin-2 and Dectin-3.
In agreement with the findings of a recent study (Graham et al.,
2012), Dectin-3 induced signaling pathways leading to activation
of Syk. It has been shown that Dectin-2 associates with FcRg
(Sato et al., 2006), leading to induction of intracellular signaling
cascades, but Dectin-3 associates with another FcRg-like
adaptor protein FcεRIg (Lobato-Pascual et al., 2013). Although
early studies suggest that Dectin-3 does not directly bind to
FcRg (Graham et al., 2012), newest data suggest that Dectin-3
is also linked to FcRg (Miyake et al., 2013). Therefore, the heter-
odimeric complex of Dectin-2 and Dectin-3 functions as a high
affinity PRR for sensing a-mannans and activates intracellular
signaling cascades through recruitment of FcRg, as well as its
homologous adaptor protein(s) such as FcεRIg.
Figure 6. Heterodimerization of Dectin-3
and Dectin-2
(A and B) Endocytosis of Dectin-2 and Dectin-3.
RAW264.7 cells stably expressing the combination
of Dectin-2 and Dectin-3 were incubated with anti-
Dectin-2 (a-D2) (A) or anti-Dectin-3 (a-D3) (B) for
30 min at 4C, and some of the cells were incu-
bated for an additional 30 min at 37C and then
with a-D3 (A) or a-D2 (B) for 30 min more at 4C.
(C and D) Endocytosis of Dectin-2 in WT (C) and
Clec4d/ (D) BMDMs. BMDMs were incubated
with a-D2 for 30 min at 4C, and a portion of cells
was incubated with a-D3 for 30 min at 37C, and
then incubatedwitha-D2 for another 30minat 4C.
All cells were stained with Cy3-labeled goat-anti-
mouse secondary antibodies. Samples were then
examined for Cy3 intensity by flow cytometry (FL).
(E) RAW264.7 cells stably expressing human
Dectin-2 (D2), Dectin-3 (D3), or both, or (F) murine
BMDMs were stimulated with or without
C. albicans hyphae (MOI = 0.1) for 1 hr and then
lysed. Cell lysates were immunoprecipitated with
a-D2 or a-D3 antibody (5 mg) or NS-Ig, and then
the immunoprecipitated (IP), supernatant (SUP)
and lysate (LY) fractions were analyzed by
immunoblotting with the indicated antibodies.
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Dectin-3 Is a Key PRR for Sensing Fungal InfectionRecently, Graham et al. (2012) also characterized Dectin-
3-deficient mice (Clec4d/) infected with C. albicans. Their
conclusion that Dectin-3 is dispensable for immune responses
to C. albicans infection (Graham et al., 2012) is contradicted to
our findings. Of note, in Graham’s study, bothWT andClec4d/
mice received a higher dose (1 3 105 cells per mouse) of
C. albicans (Graham et al., 2012) than the dose we used (2 3
104 cells per mouse), and most of WT and Clec4d/ mice
died within 2 weeks after infection in their study (Graham et al.,
2012). In contrast, only Clec4d/ mice died following the low-
dose injection in our study. The results are consistent with our
conclusion that Dectin-3 acts as a subunit of a high-affinity re-
ceptor complex, which confers the ability to detect a low amount
of fungal pathogen-associated molecular patterns (PAMPs).
Consistently, when we infected WT and Clec4d/ mice with a
higher dose (13 105 cells per mouse) ofC. albicans, both groups
of mice died within 2–3 weeks. Together, these observations
further support our conclusion that the heterodimeric complex
of Dectin-2 and Dectin-3 confers a high sensitivity for detecting
fungal infection.
Following C. albicans infection, the induction of proinflamma-
tory cytokines and chemokines, such as IL-6, TNF-a, IL-17A,
G-CSF, IL-1b, KC, and MIP-2, in kidney of Clec4d/ mice was
defective compared to those in WT mice. Both IL-1b and IL-6
produced by innate cells are key cytokines in antifungal immunity
(Vonk et al., 2006), leading to induction of Th17 cell differentia-
tion. Th17 cells are a relatively recently characterized T helper
subset and have emerged as having major roles in host defenseImmunity 39, 324–334against fungi (Vautier et al., 2010). IL-6,
TNFa, and G-CSF are also involved in
innate immune response againstCandida
infection through promote neutrophil pro-
duction and activation (Basu et al., 2008;Netea et al., 1999). Chemokines such as KC and MIP-2 are
involved in neutrophil recruitment in response to fungal infec-
tions (Shahan et al., 1998). Therefore, the reduction of proinflam-
matory cytokines and chemokines in the infected organs of
Clec4d/mice likely result in a defect of recruitment and activa-
tion of innate immune cells such as neutrophils to the infected
organ to clear infected fungi.
Although Dectin-1 (Brown et al., 2003), another well-charac-
terized CLR, has been shown to collaborate with TLR2 (Ferwerda
et al., 2008), SIGNR1 (Takahara et al., 2011), and Galectin-3
(Esteban et al., 2011) in recognizingC. albicans yeast cells (Gant-
ner et al., 2005), the ability of different CLRs to form functional
heterodimers for sensing microbial infections has not been
reported previously. Thus, our study provides the first biochem-
ical and genetic evidence demonstrating that different CLRs can
form a heterodimeric PRR and the formation of heterodimers
increases their sensitivities for recognizing ligands. Future
studies will need to determine whether heterodimers of different
CLRs not only increase the sensitivity for their ligands but also
increase their range as PRRs for sensing a variety of PAMPs
from infected microbial organisms or DAMPs (damage-associ-
ated molecular pattern molecules) from host necrotic cells.EXPERIMENTAL PROCEDURES
Plasmids
Human Dectin-2, Dectin-3, BDCA-2, DCIR, and Mincle were amplified by
PCR with full-length cDNA of human peripheral blood cells as a template., August 22, 2013 ª2013 Elsevier Inc. 331
Figure 7. Dectin-3 and Dectin-2 Prefer to
Form Heterodimers with a Relatively Higher
Affinity for Their Ligands
(A) Bimolecular fluorescence complementation
(BiFC) assay for detecting dimerization of Dectin-3
and Dectin-2, which were fused to the C terminus
of either YFPN or YFPC. HEK293 cells were
transfected with these expression vectors in
different combinations or together with plasmids
expressing Flag-tagged Dectin-2 or Dectin-3 and
then examined by flow cytometry.
(B and C) ELISA results for TNF-a in supernants
of RAW264.7 cells stably expressing human
Dectin-2, Dectin-3, or both were stimulated with
hyphae at different MOIs (B) or precoated a-man-
nans at different concentrations (C) for 6 hr. Data
shown are representative of three independent
experiments. Of note, only half-quantity of Dec-
tin-2 and Dectin-3 in the combination groups
were expressed compared with levels of Dectin-2
or Dectin-3 alone.
(D) Immunoprecipitation assays for hetero-
dimerization of renatured extracellular domain of
Dectin-2 and Dectin-3. Input protein solutions
(Input) include renatured Dectin-1 (D1), Dectin-2
(D2), Dectin-3 (D3), Dectin-2 and Dectin-3 mixture
(D2-D3 dimer), and mixture of D2 and D3 (D2+D3
mono), and immunoprecipitated (IP) with a-D2
antibody (5 mg) or NS-Ig and analyzed by immu-
noblotting with the indicated antibodies.
(E) ELISA results for binding assays of Dectin-3,
Dectin-2, or heterodimers with a-mannans. Plates
were coated with a-mannans (40 mg/ml) overnight
and then were added with 100 ml/well renatured
protein of recombinant extracellular domain of
Dectin-1, Dectin-2, Dectin-3, or Dectin-2 and
Dectin-3 mixture at indicated concentrations.
Bound proteins were detected by their respective
monoclonal antibodies. SD are indicated.
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Dectin-3 Is a Key PRR for Sensing Fungal InfectionWe then constructed chimeric receptors comprising the extracellular domain
of human Dectin-3, BDCA-2, Mincle, or DCIR fused to the intracellular and
transmembrane domains of human Dectin-2 according to the fusion PCR
method. All PCR amplifying fragments including the Flag-encoding DNA
sequence were inserted into a lentivirus vector, pRV3, between the SalI
and BglII sites.
Reagents
Antibodies against phospho-ERK (9101), phospho-IkBa (9246), phospho-Syk
(2701), and total Syk (2712) were purchased from Cell Signaling Technology;
antibodies against p65 (sc8008), PCNA (proliferating cell nuclear antigen)
(sc56), Dectin-1 (sc-73897), ERK (sc-154), and IkBa (sc-371) were from Santa
Cruz Biotechnology. Alpha-mannans (Cat#M3640) were from Sigma. Dectin-2
and Dectin-3monoclonal antibodies (IgG1 and IgG2a) were generated with the
extracellular domain of Dectin-2 or Dectin-3 (Figure S2A) as immunogens,
respectively.
Mice
Clec4d+/ mice were obtained from the NIH-supported Mutant Mouse
Regional Resource Centers (http://www.mmrrc.org) and bred to homozygos-
ity. Mouse genotyping was verified by PCR amplification according to mouse
supplier instructions. All Clec4d/ mice survived without any observed
phenotype.
C. albicans Growth and Hyphae Preparation
C. albicans cells were cultured from a single colony of the standard strain
SC5314, which was first grown overnight in yeast peptone dextrose medium332 Immunity 39, 324–334, August 22, 2013 ª2013 Elsevier Inc.for yeast-form growth at 30C as described elsewhere (Jia et al., 2009). For
hyphae, washed yeast cells were counted, resuspended in RPMI-1640
medium, grown in 6-, 12-, or 48-well plates at 37C for 3 hr, and washed three
times with phosphate-buffered saline. Macrophages detached from culture
plates were added to the plates with hyphae for indicated time points. These
cells were lysed with buffers for total cell lysates or nuclear extracts as
described previously (Bi et al., 2010; Gorjestani et al., 2011).
BMDM Preparation
Primary cultures of BMDMs from C57B/L6 mice were prepared as previously
described (Bi et al., 2010; Gorjestani et al., 2011). Briefly, bone marrow cells
were harvested from the femurs and tibias of mice. Erythrocytes were
removed from cells by using a hypotonic solution. Cells were cultured for
7 days in Dulbecco’s modified Eagle medium containing 20% fetal bovine
serum, 55 mM b-mercaptoethanol, streptomycin (100 mg/ml), penicillin
(100 U/ml), and 30% conditioned medium from L929 cells expressing
M-CSF. Nonadherent cells were removed, and cells were passed every
3 days. After 1 week of culturing, flow-cytometry analysis indicated that
the harvested cell population contained 86%–95% CD11b+ F4/80+cells
(Figure S4A).
Endocytosis Assay
To determine the endocytosis effect of Dectin-2 or Dectin-3, we incubated
RAW264.7 cells expressing Dectin-3, Dectin-2, or both, or BMDMs with their
monoclonal antibodies at 37C or 4C for 1 hr and then with Cy3-labeled
goat-anti-mouse secondary antibodies at 4C for 30 min. Cells were then
examined for Cy3 intensity by flow cytometry.
Immunity
Dectin-3 Is a Key PRR for Sensing Fungal InfectionBimolecular Fluorescence Complementation Assay
Dectin-1, Dectin-2, and Dectin-3 were fused to either YFPN or YFPC at their C
terminus. YFPN-Dectin-1 or YFPC-Dectin-1 was used as a negative control.
These plasmids were transfected into HEK293 cells in different combinations
and visualized by flow cytometry.
Murine Systemic Candidiasis Model
For in vivoC. albicans infection, groupsofC57B/L6 femalemice (>8–10per test)
or Clec4d+/+ (WT), Clec4d/, or Clec4d+/ (Het) mice were injected via lateral
tail veins with 200 ml of a suspension containing different doses of C. albicans
(SC5314) cells in sterile saline. For antibody-blocking studies, infected mice
were treated with 200 mg of anti-Dectin-3 or -Dectin-2 monoclonal antibody
alone or in combination or with nonspecific control IgG four times. Mouse sur-
vival rates were monitored for 3 weeks following infection. Fungal burden was
assessed by plating a series of diluted solutions of homogenized kidneys from
mice on day 2 after being infected with different dose of C. albicans. For histo-
pathological analysis, kidneys fixed in 10% neutral buffered formalin were
stained with hematoxylin and eosin and the periodic acid-Schiff method to
reveal inflammatory infiltration and fungal hyphae structure, respectively.
Cytokine Measurements
TNF-a, IL-10, IL-6, and IL-12p40 amounts in sera from infected mice or cul-
tures of infected BMDMs were measured with Ready-SET-GO enzyme-linked
immunosorbent assay (ELISA) kits (eBioscience). All samples were measured
in triplicate according to the manufacturer’s protocol.
Determining Cytokine Expression by Milliplex
Serum and extracts from homogenized kidneys were analyzed simultaneously
for cytokines and chemokines with the Milliplex MAP mouse cytokine and
chemokine magnetic bead panel (Millipore), according to manufacturer’s
instructions. Standard curveswere generated for eachcytokine andchemokine
with standards included in each kit. Themedian fluorescence intensity for each
analyte was calculated with a four- or five-point logistic parameter curve.
Amounts of cytokine and chemokine below the detection level of the assay
were calculated with a default value of 0 pg/ml for the particular analyte.
Ethics Statement
All animal experiments were performed in compliance with institutional guide-
lines and according to the protocol approved by the Institutional Animal Care
and Use Committee of The University of Texas MD Anderson Cancer Center
and the Animal Ethics Committee of Tongji University.
Statistical Analysis
At least twobiological replicateswereperformed for all experimentsunlessother-
wise indicated. Student’s t test for paired observations was used for statistical
analyses. Statistical significance was set at a p value of less than 0.05 or 0.01.
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